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ABSTRACT
Up-conversion materials can be used to greatly enhance the productivity of
photovoltaic nanotechnologies. These materials must convert photons from a low energy
to a higher energy to fit within the acceptable range of the solar panel. Software is needed
to compute the value of these energy levels and to find molecules that produce these
values. It must first be determined if the software has these capabilities and if the results
are trustworthy. Naphthalamide has been a molecule of interest and serves as a good
starting point for these studies.
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INTRODUCTION
Currently, the majority of the world's electricity is produced by combusting of fossil
fuels. The most common downfalls of the production of energy from fossil fuels are the
significant environmental implications. Also, fossil fuels are a limited resource which can
not be depended upon perpetually. The centralized nature and transmission requirements
of the raw fuels lead to large vulnerabilities for many nations (Foresman, 1996). On the
contrary, sunlight is available across the globe without the environmental side effects and
the need to transport the resource. Sunlight can be used indefinitely for harvesting. Yet,
less than one percent of the United States' energy consumption comes from photovoltaic
sources. The limited use of photovoltaics is due to its cost. Current photovoltaic
processes, such as solar panels, are severely inefficient. Current solar cells only convert
an average of thirteen percent of direct to usable energy (Owen, 2007). Only specific
quantities of light are compatible with the receptor material on the solar cell. The rest of
the light actually hinders the process by producing heat that interferes with the internal
electrical components. To produce more electricity, the solar array must cover a larger
area. More expansive panels are able to produce higher yields (nearly 18%), but at
significantly higher cost. If an economical method to increase the efficiency of photo
cells is developed, photovoltaics would become feasible (US DoE, 2006).
One of the most promising areas in this field of study involves the up-conversion
process. Up-conversion would not produce electricity, but convert photons from a low
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energy to a higher energy to fit within the acceptable range of the solar panel in achieving
a higher efficiency (Solar Electric Power Association, 2006).
PHOTON ABSORPTION AND EMISSION
To understand the shortcomings of photovoltaics and the opportunities that an up-
converter can offer, a basic understanding of light and basic chemistry itself must first
exist. Visible light has the characteristics of both waves and particles. The wave-particle
theories are complex and involved, but a simplification is to picture light as small
particles - called photons - traveling forward in an oscillating motion. The bobbing
motion of each photon creates a perfect wave pattern (Atkins, P.W., 2002). As light moves
from one point to the next, it travels at a constant speed, approximately 300,000
kilometers per second. Every photon travels at this same speed, but not photons move in
the same wave motion. The range of wavelengths that light produces causes the different
colors of the rainbow, but also produces different levels of energy (Kobes, et al, 2004).
The amount of energy is inversely proportional to the wavelength of the photon (or
directly proportional to the frequency of the photon). That means that a photon with a
short wavelength has a high energy value. Three photons of different wavelengths travel
from A to B as shown in Figure 1. It can be seen that the shorter wavelength photon has
to cover more actual distance between the two points. The photon contains more energy
because of the additional movement. This concept is essential for the development of
up-conversion materials.
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Figure 1. Wavelength and energy
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All matter is composed at the nanoscale of atoms. Atoms are composed of protons,
neutrons, and electrons. The electrons around the nucleus of any atom have exact orbital
levels where they can travel. What defines these orbitals is the energy of the electron. An
electron in each of these orbitals then has a specific energy value corresponding to the
distance the orbital is from the nucleus. Electrons farther from the nucleus have more
energy. An electron's natural orbital is referred to as its ground orbital, and this electron is
a ground state electron. Electrons will leave their orbital if the amount of energy it
contains changes. Electrons may absorb or emit energy. Occasionally, an electron will
gain a specific amount of energy that will make it migrate to a higher orbital where the
new energy level is compatible. This electron is an excited electron in an excited state. An
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excited electron is highly unstable and immediately returns to its ground state orbital. The
electron uses very little energy to move back down to its ground state orbital. To be
accepted back in, it must release the rest of the excess energy it absorbed. The electron
simply shoots this energy out. The energy it shoots out is a newly created photon. This
photon has a wavelength that correlates to the amount of the energy provided by the
electron (Paschotta, 2006).
This process can begin when a photon collides with an electron. The photon is
destroyed and the electron gains all the energy, moves to an excited state, and then emits
energy back out as it returns to ground state. The photon that was destroyed has nearly
the same energy as the one created. Figure 2 illustrates this cycle.
Absorption: Normal
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Nucleus
Excited orbital-
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Figure 2. Photon absorption and emission
TWO-PHOTON UP-CONVERSION
Up-conversion is based upon the concept of photon absorption and emission. An
electron is very uncomfortable outside of its ground state and is excited for less than a
fraction of a second. The process is virtually instantaneous. Occasionally, though, this
process is interrupted and two-photon absorption occurs. At the one brief moment an
electron exists at the excited state, a second photon collides with the excited electron.
This second photon is destroyed and the energy is added to the electron. The electron then
moves up to yet another orbital. The irate electron immediately releases all of its energy
and retreats all the way back to its ground state orbital. All the energy expelled from the
electron creates a new photon. This single photon has roughly the sum of the energies of
the two absorbed photons. The photon now has a very short wavelength and very high
energy. Two-photon absorption has occurred (Foresman, 1996). Therefore, in this case,
up-conversion is accomplished via two-photon absorption. The up-conversion process
takes two low energy photons and converts them to a single, high-energy photon as
shown in Figure 3.
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Figure 3. Up-conversion process
As stated earlier, solar panels are very inefficient. Only a small range of photons
within visible light have the correct energy level and wavelength to interact with the
electrons in the solar panel to produce electricity. Some photons have too much energy
while many others do not have enough as seen in Figure 4.
Up-conversion can assist by
converting low energy photons into
higher energy photons that would be
compatible with the solar panel.
Materials can be analyzed to
determine the energy value required
to excite the electrons within its
atoms to a first or second excited
state orbital. If the value for the
second state orbital is determined to
be equivalent to the energy of the
photon acceptable by the solar cell,
the material can be used in the up-
conversion process. A thin film of the material spread across the face of the solar panel
would ideally allow the appropriate photons to pass through while using creating
additional photons for the solar panel, as shown in Figure 5.
The solar panel itself would not
need to be altered. It would only
need to absorb the small range of
photons as before. The up-
conversion material would provide
the solar panel with more photons
within this range. More photons
would produce more electricity per
each solar panel. More electricity
would increase the electrical output.
A higher output means higher .
efficiency. Greater efficiency cuts
back the price of production. „• c o i i • i
Figure 5. Solar panel with up-converter
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IDENTIFYING AN UP-CONVERSION MATERIAL
To be able to develop an up-converter, data must first be collected about the material
used. A material must be analyzed at the molecular level to determine if it is suitable to
be used as an up-converter. Over the past decades scientists have made large advances in
the concepts and understanding of the molecular behavior (Giordano, 1997).
Determining the energy needed to move an electron away from the nucleus is quite
difficult to determine in a laboratory environment. Quantum mechanical equations can be
used instead. Schrodinger's equation can be used to define for the energy of particles in a
quantum system. This equation is so complex that it can only be used to solve the most
trivial systems. These systems are far simpler than any material that would be a suitable
up-converter. Many numerical methods have been developed to find approximations to
Schrodinger's equation. Three popular types of methods are semi-empirical, electron
correlation, and post-SCF. Each contains many different sub-methods. As the methods
become more complex, they become more accurate. These approximations have advanced
to the point where they are able to predict the properties of large molecular systems.
Such a vast number of calculations are required that a computer is needed to solve them.
Various forms of statistics, algebra, and calculus are combined within each of the
separate methods.
Using the quantum mechanical methods, a material can be analyzed on the molecular
level. Within the data analyzed, it may be possible to identify the up-conversion process.
The path to take through the quantum mechanical methods must first be carefully
mapped. Basis sets are the first step to approximating solutions to the quantum mechanic
equations. Basis sets are groups of equations utilized to define all the possible orbitals
that could exist for each molecule in the material or system. Quantum mechanical experts
have created specific basis sets to fulfill the needs of many systems. Some of the more
common basis sets are named ST0-3G, 3-21G, 6-31G, and 6-31IG. Basis sets may be
modified to cover a specific material. As with the quantum methods, the more complex
the basis set, the more accurate its results.
A model chemistry is the addition of one basis set to one method of approximating
Schrodinger's equation with. As a model chemistry gets more complex, the results tend to
create a more accurate solution. Unfortunately this is not always true. Model chemistries
must be chosen to match certain characteristics of the system of interest. Occasionally the
most accurate results are found from the most basic model chemistry. Choosing the most
appropriate model chemistry often requires several tests and a large amount of patience.
More time spent researching and testing during this first step eliminates severe errors in
computation throughout the remaining steps (Gtidel, 1998).
SOLVING THE MODEL CHEMISTRIES
Model chemistries provide a way to solve Schrodinger's equation and evaluate a
molecule. The amount of computations required to solve the equations within the
simplest model chemistry is daunting. Using a computer is the only realistic way to solve
a model chemistry. Gaussian is an impressive software system that solves model
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chemistries with vast capabilities, but locating results in the output requires focused input
procedures (Frisch, 2005). An important decision is determining the appropriate model
chemistry that Gaussian is to use. Information verified in a laboratory setting must be
compared with the results found by different Gaussian tests. Numerous model chemistries
must be tested on one material to determine which method is most accurate.
Several low level calculations can be compared for numerous organic molecules with
satisfactory accuracy. Gaussian can be programmed to return a variety of results.
Conveniently the most frequently used application of Gaussian is to calculate the energy
of a system's particles. For the energy calculations to be accurate, the structure of the
molecule must be correct and the frequencies must be inspected to verify a stable
structure, which requires three separate Gaussian routines. Table 1 shows different
organic molecules and the model chemistry which found the most accurate energy after
running the three jobs. It can be seen that Gaussian can return accurate results.
Molecule Experiment (cm"') Gaussian deviation (cm'O Model chemistry used
CH 1,429 +12 MP2FC/6-31+G**
Benzene 21,393 +53 BLYP/cc-pVDZ
Acetone 17,775 +7 MP2FU/6-31G*
Butane 27,885 -2 B3LYP/6-31+G**
Propene 16,857 -5 HF/6-31G*
Ethylene 10,797 -1 B3LYP/6-31G*
Cyclobutene 18,500 -22 AMU
Formaldehyde 5,644 +1 B3LYP/6-31+G**
Formamide 9,688 +1 QCISD/6-311G^=*
Table 1. Verifying Gaussian's accuracy
Users first define the structure of the molecules involved. Then model chemistry and
basis set must be selected and tested. The user then defines whether the system is in a gas
or liquid phase. Once these original parameters are established, Gaussian is programmed
with the correct keywords and commands to produce relevant data. Gaussian then uses
the equations developed within each method and basis set provided to converge on the
most probable solution to Schrddinger's equation for the given system.
Figure 6 shows some preliminary data and the model of the atom returned using the
OPT command for optimized geometry including bond lengths, bond angles, dihedral
angles, dipole moments, Milliken charges, coordinates, etc. Figure 7 shows the data
returned using The FREQ & ENERGY commands including energy of structure,
frequencies/intensities of spectral lines, displacement of nuclei, thermochemistry,
polarizability, nature of minimums, etc. Figure 8 shows data returned CIS commands
including all virtual and occupied orbitals, orbirals and kinetic energies, orbital
symmetries, etc.
UP-CONVERSION MATERIALS IN PHOTOVOLTAICS
Figure 6. OPT Command for
optimized geometry.
Infrerod Spectrvm
Figure 7. FREQ & ENERGY Commands for
frequency and energy.
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UTILIZING GAUSSIAN TO IDENTITY UP-CONVERSION
Gaussian possesses a tremendous list of commands and functions with a myriad of
purposes. Extensive research and testing of the software did not yield a direct command
or string of commands to identify two-photon absorption within a molecular system.
Different theories can be applied to the Gaussian software to see if the data contains proof
of two-photon absorption.
Theory 1
For two-photon absorption to occur, it is necessary for an electron to absorb a
photon, become excited, and then absorb a secondphoton before emitting the energy of
the first photon. An electron will not hold the energy of the first photon for more than a
fraction of a second, so the second photon needs to strike the electron almost
instantaneously. A short delay after the first photon is absorbed would assist in achieving
two-photon absorption. Hypothetically, the energy absorbed by the electron from the first
photon can cause the molecule to physicallychange its structure. The structuralchange of
the molecule could allow enough time for a second photon to be absorbed by the electron.
It is possible that this delay would allow time for two-photon absorption (Giidel, 1998).
When a molecule changes shape the energy of the system changes. Gaussian can track a
change of energy within a system for a discrete number of steps. If Gaussian is provided
with an initial structure, final structure, model chemistry, and the appropriate keywords, it
will produce results that can be interpreted, manipulated, and graphed on a energy versus
time plot as seen in Figure 9.
A valley on the graph is called a stationary point. The beginning structure and
ending structure are two stationary points. Other existing stationary points on the graph
are called a transition structure. A transition structure exists where the structure held a
shape for a prolonged period of time before further changes continued. It is at these
points that two-photon absorption may be possible.
In laboratory testing, Gaussian was provided with the ground state structure and the
excited state structure of molecules that are known to possess two-photon absorption
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capabilities. Unfortunately, Gaussian did not return the
necessary data. This may signify that the molecules
investigated did not change structure between excitation
and relaxation. This may also signify that the structure
did change, but without passing any transition structures.
Since no results were returned, this theory was no longer
pursued to identify two-photon absorption.
Theory 2
The energy difference between each of the orbitals of
a system of molecules can be computed in Gaussian in
several different ways. The difference in energy between a
ground state orbital and an excited state orbital is equivalentto the energyof the photon
absorbed. In a physical laboratory, the material can be exposed to light and the emission
and absorptionspectracan be examined. From these spectrums, the energyof the photons
absorbedcan be determined. If the results of Gaussianjob matches the physical tests,
Gaussian's results are verified.
On the other hand, if the results of Gaussian's test job were significantlyhigher
(nearlydouble)of the physical lab tests it could be the effect of two-photon absorption.
Long wavelengthphotons have less energy then short wavelengthphotons. If a molecule
needs a photon with a wavelength of 300 nm to reach the first excited state, but is
absorbing photons of 600nm, it would require exactly two photons to achieve excitation.
The process that occurs in this instance is up-conversion.
In one set of test runs on a viable molecule, Gaussian predicted absorption at 286nm.
Spectral tests showedphotons of 486nm being absorbed. These results suggestup-
conversion took place. Research determined that the spectral tests were conducted with
the molecule submerged in a solvent. The solvent
may have caused the change in absorption. Gaussian
was not able to return similar results when a solvent
was added to the computations. Data was not
available for spectral tests on the molecules not
submerged in the solvent. The second theory may
have potential, but has not yet been able to identify
two-photon absorption.
Figure 8. CIS Commands
for highest occupied
molecular orbitals (HOMO).
Transition Ending
(minimum)
Stationary Points
Theory 3
Naphthalamide is a molecule with many
interesting characteristics. Naphthalamide has been
known to perform up-conversion. A greater
understanding of this molecule and why it undergoes
the up-conversion process can lead to ways of
recreating the process. Unfortunately, the different forms of naphthalamideare large and
require extensive computation time to be analyzed. Several derivatives were modeled and
used in the tests previously mentioned (Tian, et al, 1998).
Figure 9. Energy vs. time graph
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The structure of three naphthalamide forms as shown in Figure 10. Figure 11 shows
some of the characteristics of the derivative 4-amino-l,8-napthalamide.
4^%
c
Figure 10. Forms of naphthalamide
(a) Optimized geometry
(c) Highest occupied molecular orbital
(HOMO)
(b) Electron density surface
(d) Lowest unoccupied molecular orbital
(LUMO)
Figure 11. Characteristics of naphthalamide derivative
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Finding information about the forms of naphthalamide is difficult as few laboratory
tests have been performed on the complex molecules. It takes many hours to verify the
correct structure and orbitals of the different forms of naphthalamide with Gaussian.
When model chemistries were selected to begin running tests on the simplest
naphthalamide forms, it was quickly determined that a computer system was not available
to handle the vast number of computations.This theory cannot be pursued until larger
computer systems are available.
DISCUSSION AND CONCLUSIONS
For an up-conversion material to be utilized within a photovoltaic system, one must
first be identified. To simply see the process of two-photon absorption occur in a
laboratory setting is insufficient information to develop an up-converter.The complex
process must be understood to create a desirable material.
A molecule must undergo significant two photon absorption to be considered for use
as an up-converter. Current molecules must be exposed to a very high intensity of specific
wavelengths of light for this to occur. This intensity would never occur naturally. Most of
the laboratory test results available for two photon absorption were achieved using lasers.
Even when using a laser under prime conditions, very few up-converter photons were
created. The abihty to construct a up-converter that will return significant viable photons
relies on a larger understanding of the process.
Several possibilities exist that may significantly open the road for future study.
Running an absorption spectrum test on naphthalamide with parameters that can be
duplicated in Gaussian would open a path for discovery. The Gaussian results could then
be verified, the most exact model chemistry could be located, and further jobs could be
conducted with a much higher platform to start from starting at a much higher platform.
Less computations would be needed. Faster computers would allow larger molecules to
be modeled and studied.
At the completion of this study, a concrete solution to the up-conversion problem has
yet to be identified. Further testing with Gaussian is needed before it can be either ruled
in or out as a method of studying two-photon absorption within molecular systems.
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